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Federal Waterways Engineering and Research Institute (BAW) 






The transferability of lab-test results to practical conditions is an important aspect. In a short 
time the test should give information on the durability of concrete for the whole service life of 
the structure. To enable that, the testing conditions need to be well chosen. The paper presents 
monitoring results showing the water transport and freezing and thawing of water inside the 
concrete during the CIF-test. A comparison to monitoring data of structures is possible.  
 




Hydraulic structures are solid structures that place special requirements on concrete properties. 
A low heat of hydration of the concrete is necessary to minimize restraint. This results in certain 
limitations concerning cement properties and content. To assure a sufficient freeze-thaw 
resistance in exposure class XF3, the concrete of hydraulic structures of the Federal Waterways 
and Shipping Administration (WSV) has to undergo CIF testing according to the BAW Code 
of Practice “Frost Resistance Tests for Concrete” [1]. One question which has been discussed 
ever since the CIF test became mandatory in 2004 is the transferability of test results to the 
performance of the exposed concrete during operation of the structure. For this reason, a 
monitoring system was installed on several structures [2] to contribute to new findings 
concerning temperature exposure and the degree of water saturation of concrete under different 
conditions. Taking the example of a lock the data was evaluated to receive an impression of the 
intensity of freeze-thaw attack and to compare that to the actual condition of the structure [3]. 
 
2. MEASURING SYSTEM 
 
A non-destructive determination of the degree of saturation of concrete is only possible using 
indirect measurement methods. A continuous, depth-dependent measurement of the resistivity 
was transferred to the degree of saturation by means of a calibration in the laboratory [2]. The 
resistivity measurement was conducted using a multiring electrode (MRE). The MRE is a 
sensor consisting of several rings of stainless steel, each with a thickness of 2.5 mm, with an 
insulating plastic ring between two steel rings. It enables AC resistance measurements of the 
concrete between two adjacent steel rings in eight steps at a frequency of 10.8 Hz and at a depth 
of 7 to 42 mm from the concrete surface. The measuring depth can be increased to 87 mm using 
two MREs and a distance piece [4]. A multitemperature probe (MTP) is installed near the MRE 





facilitate temperature measurements at eight different distances from the concrete surface. Fig. 
1 shows a typical arrangement for one measuring point and the installation in a structure. 
  
Figure 1 – MRE and MTP (left), Sensor installation in a structure (right) 
 
3. MONITORING OF A FREEZE-THAW ATTACK  
3.1 General 
If the degree of water saturation reaches a critical level inside the concrete a freeze-thaw damage 
can occur if the concrete temperature is low enough that the water in the pore structure can 
freeze [5]. The freezing temperature of water in the pore structure depends on the pore size [6, 
7]. At temperatures below 0 °C there will be water in the liquid and frozen state inside the pore 
system of concrete. Concerning the transferability of results of laboratory tests to practical 
application one important aspect is the comparison of the conditions in lab-tests and structures. 
 
3.2 Effect of temperature on the resistivity 
The Arrhenius equation (Equation 1) is used to compensate the influence of temperature on the 
resistivity of concrete [8]. This equation enables to transfer the resistivity measured at different 
temperatures at structures to a temperature of 20 °C used for the calibration test in the lab. The 
















e0,elel  (1) 
ρel  Resistivity at temperature T in Ωm 
ρel,0  Resistivity at temperature T0 in Ωm 
T, T0 Absolute temperature in K 
b  Constant in K 
 
When aiming at a determination of the degree of saturation at real structures with varying 
temperatures by means of resistivity measurements a good compensation of temperatures 
effects is required. Otherwise changes of the resistivity may be caused either by temperature or 
by changing degrees of saturation. Equation 1 can compensate temperature effects when the 
water in the pore structure is in a liquid phase. When water freezes the transport of ions is 
affected as ice hardly contributes to the transport of ions as its resistivity is very high [11]. 
Equation 1 is not able to compensate for that [2, 3]. As a result the resistivity increases 
dramatically in a very short time which is much shorter than observed when wet concrete is 
drying. These observations were attributed to freezing of water in the pore structure [2, 3]. 
Similar observation were made by [9, 10] for cement pastes. This observation is very helpful 
as it enables to monitor freeze-thaw attack in laboratory tests as well as in real structures. Even 
without a complex calibration of the resistivity to the degree of saturation it is detectable if 
water freezes inside the concrete. If the degree of saturation is below a concrete specific level 
ice formation does not occur [2, 3, 11]. This would imply that the micro-ice-lens pump cannot 







3.3 Application of the temperature influence on resistivity 
In order to describe the effect of freezing water in the pore structure on the resistivity a factor 
FG(T) (equation 2) was introduced [2] which describes the ratio of resistivity after compensating 
the temperature influence in the frozen state of the pore water to the resistivity in a liquid state.  
 
FG(T)=Rg(T) / Rf          (2) 
Rf  Temperature-compensated resistivity (liquid pore water) before freezing 
Rg(T) Temperature-compensated resistivity (frozen pore water) at a temperature T 
 
The hypothesis is that the factor FG(T) indicates the amount of freezable water at a certain 
temperature. This needs to be investigated. If the hypothesis turns out to be true the temperature 
dependency of the resistivity might enable to get information on the pore structure of the 
concrete by means of the aforementioned correlation between the pore size and the freezing 
temperature of water in the pores. 
To further investigate this, two blocks with non air-entrained concrete with blast-furnace slag 
cement and fly ash were casted (Fig. 2). MRE and MTP were installed. Data was monitored 
under practical conditions and after coring and specimen preparation the monitoring was 
continued during the CIF-test to compare both exposure situations. As an example Fig. 3 shows 
results of core samples which were tested at a high age of 6.5 years in the CIF-Test. The data 




Figure 2 – Concrete blocks (left) with sensors (right) 
 
 
Figure 3 – Temperature compensated Resistivity at different distances to the concrete surface 
 
Close to the surface (7 mm) a resistivity of about 120 m is observed at temperatures higher 
than about 0 °C. Inside the specimen (42 mm) the decrease of resistivity at temperatures higher 





120 m) is a result of the frost induced water ingress into the specimen. At the end of the test 
comparable resistivity values are measured as close to the surface. This hints at comparable 
degrees of saturation inside the specimen caused by the micro-ice-lens pump according to 
Setzer [13]. At temperatures below about 0 °C the resistivity rises up to about 150000 m at a 
temperature of about – 20 °C, resulting in a factor FG(-20°C)=1500 which remains more or less 
constant close to the surface (7 mm) during the complete test. At a distance to the surface of 42 
mm the factor FG(-20°C) rises from about 2 at the beginning of the test up to about 160 after 28 
freeze-thaw cycles. It is assumed that this is caused by the frost induced rising degree of 
saturation. More freezable water is available resulting in a rising factor FG(T).  
 
Correlations of resistivity data to internal damage and scaling including further results of lab-
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